Abstract-Results of eight multicenter, randomized, placebo-controlled, double-blind, parallel-group studies were pooled to assess the efficacy of the angiotensin II-receptor blocker irbesartan over the dose range of 1 to 900 mg. A total of 2955 adults with a seated diastolic blood pressure of 95 to 110 mm Hg were randomized to treatment with oral irbesartan once daily or placebo for 6 to 8 weeks. Office blood pressure was measured at trough (24Ϯ3 hours after the last dose) and peak (3Ϯ1 hours after the last dose) by mercury sphygmomanometry. Demographic characteristics (mean blood pressure; 151/101 mm Hg; mean age, 54 years; 63% male; and 82% white) were similar across all dose groups. After the groups were pooled, antihypertensive efficacy was assessed by therapeutic response (trough seated diastolic blood pressure Ͻ90 mm Hg or a reduction from baseline of Ն10 mm Hg) and by modeling of the maximum reductions in trough and peak seated diastolic and systolic blood pressure. Antihypertensive effects increased with increasing doses and reached a plateau at Ն300 mg. Irbesartan 150 mg provided placebo-subtracted reductions in trough seated systolic and diastolic blood pressure of Ϸ8 and Ϸ5 mm Hg, respectively, with 56% of patients displaying a favorable response.
I rbesartan, developed jointly by Bristol-Myers Squibb and Sanofi, is a potent, long-acting, orally active Ang II receptor blocker with high selectivity for the angiotensin 1 receptor subtype. [1] [2] [3] The Ang II receptor blockers are a new class of antihypertensive agents that inhibit the renin-angiotensin system by blocking the Ang II receptor. 4 In normotensive subjects, irbesartan resulted in dose-dependent increases in plasma renin activity and plasma Ang II levels. 5 At doses of 150 and 300 mg, the pharmacological effects of irbesartan were long acting, with increases in plasma renin activity and Ang II still present at 24 hours.
This article analyzes the integrated dose-response results from eight large, multicenter, randomized, double-blind, placebo-controlled studies of patients with mild to moderate hypertension (for a list of studies, see Table 1 ). The benefits of analyzing pooled data 10 include increased statistical power over individual trials and more precise estimation of patient benefit from therapy. 11 The homogeneity of study design, conduct, and patient population among these eight irbesartan studies allowed for a meaningful integrated analysis.
Fully defined dose-response relationships are rarely established during clinical drug development. 12 Unfortunately, failure to properly define the lower end of the dose-response relationship and hence, the lowest effective dose, has been responsible for the introduction of many antihypertensive drugs into clinical practice at excessively high doses. Because efficacy data are often incomplete due to failure to adequately explore the lower or upper extreme of the dose, E max analysis of receptor-blocking drugs has only occasionally been used in phase II and phase III clinical trials. With irbesartan, E max analysis was possible because of the absence of dose-limiting side effects even at the maximum doses. 13 Knowledge of the full dose response is clinically useful because it provides a rational basis for titration based on expected effect.
The primary objectives of this integrated analysis were to assess (1) the relationship between irbesartan dose and efficacy as assessed by the mean change (from baseline) in trough and peak SeDBP and SeSBP measurements versus placebo and (2) the relationship between irbesartan dose and the percentage of patients showing a favorable response to the drug (trough SeDBP Ͻ90 mm Hg or a reduction from baseline of Ն10 mm Hg).
Methods

Patient Selection
Men and surgically sterile or postmenopausal women were 18 years of age or older and all had newly discovered or established mild to moderate essential hypertension (office SeDBP, 95 to 110 mm Hg). In one study, which included both office blood pressure assessments and ambulatory blood pressure monitoring, patients were also required to have a baseline mean ambulatory DBP Ն85 mm Hg.
Exclusion criteria pertained to specific concomitant diseases that would present safety hazards or to concomitant medications that might interfere with the assessment of safety or efficacy of irbesartan (eg, drugs that can potentially affect blood pressure), and these criteria were highly uniform across studies. Each study was approved by an institutional review committee, and each patient gave informed consent before study enrollment.
Study Design
All studies consisted of a 4-to 5-week, single-blind, placebo lead-in phase for qualification followed by a 6-to 12-week double-blind, parallel-group, fixed-dose phase in which patients were randomized to receive either oral irbesartan or placebo once daily in the morning. All previous antihypertensive agents were withdrawn after consent was obtained and before the lead-in phase. During double-blind therapy, patients generally returned for clinic visits at 2-week intervals. Per protocol, patients were to be withdrawn from a study for lack of efficacy, ie, an SeSBP Ͼ200 mm Hg or an SeDBP Ͼ112 mm Hg, confirmed within Յ3 days. In addition, some patients were withdrawn by the investigator for blood pressure measurements, which although below these limits, were considered to be too high or inadequately controlled.
Observation Methods
In all studies, blood pressure was measured with a standard, calibrated, mercury sphygmomanometer. (In the ambulatory blood pressure study, 8 only the trough office blood pressures were used in the integrated analysis.) Trough measurements were performed 24Ϯ3 hours after the previous day's morning dose. Peak effects were assessed 3 to 4 hours after dosing. After 5 to 10 minutes of rest in the seated position, blood pressure was determined by calculating the mean of three to five replicate measurements taken 1 minute apart. Heart rate was measured by counting the pulse for 30 seconds and multiplying by 2.
Outcome Measures
In each study, the primary outcome measure as dictated by the protocol was the change (from baseline) in trough SeDBP after 6 to 12 weeks of therapy; therefore, this measure was used for the integrated analysis. Also measured at the same time were the change from baseline in trough SeSBP and the percentage of patients who achieved a satisfactory therapeutic response (defined as a trough SeDBP Ͻ90 mm Hg or an SeDBP reduced by Ն10 mm Hg from baseline). Peak SeDBP and SeSBP effects were determined from group mean hourly blood pressure values (in one protocol) or were measured at the approximate time of irbesartan's peak antihypertensive effects, 3Ϯ1 hours after dosing (in five protocols). On the day of peak value assessment, patients were given their day's dose in the office by study personnel.
Statistical Methods
Data from common irbesartan doses and placebo across all studies were pooled at times common to the studies and when maximal effects had usually been achieved (ie, after 6 to 8 weeks of treatment with a stable dose of irbesartan or placebo). The integrated analyses included all data from all randomized patients who had both a baseline assessment (last assessment before the double-blind medication) and an assessment at week 8 (week 6 in one protocol). The integrated analyses of peak blood pressure changes were based on the subset of randomized patients who had valid baseline assessments and valid peak assessments at week 8 (or week 6). To be considered valid, the assessments had to satisfy relevant protocol eligibility and compliance criteria (eg, peak blood pressure assessments were excluded if the timing relative to drug administration seriously deviated from the protocol specification). Validity for each subject was determined by the study monitor before the study unblinding.
Placebo-subtracted reductions from baseline in SeDBP and SeSBP over the entire dose range (1 to 900 mg) were fitted to E max models. The E max model was chosen because it describes the well-known sigmoidal log(dose)-response relationship expected with a receptorantagonist drug, 14 and as will be shown, the entire therapeutic range of irbesartan was examined.
The data were initially fit to the more general sigmoidal E max model, which includes a parameter (the Hill coefficient) for "steepness" of the curve. Because inclusion of this parameter did not appreciably enhance the fit of the curve (see Table 2 ), this coefficient was set equal to 1, and the following simpler E max model was used:
where E ij is the blood pressure reduction from baseline for subject j in study i; P i is the mean blood pressure reduction from baseline in subjects randomized to receive placebo in study i; and D ij is the dose of irbesartan for subject j in study i. Least-squares estimates of E max and D 50 were generated from the above model by the Gauss-Newton iterative method to regress the residuals onto the partial derivatives of the model with respect to the parameters; initial values of 7 mm Hg and 60 mg for E max and D 50 , respectively, were used. †Residual mean squared error was larger in the model with the Hill coefficient due to one degree of freedom fewer in the error term.
Selected Abbreviations and Acronyms
Ang II ϭ angiotensin II D 50 ϭ dose at which 50% of the maximum blood pressure reduction was observed E max ϭ maximum blood pressure reduction DBP ϭ diastolic blood pressure SBP ϭ systolic blood pressure Se ϭ seated T:P ϭ trough to peak The prespecified analyses were, by nature, somewhat conservative, because given irbesartan's established antihypertensive effects, subjects were more likely to be withdrawn early from the study for insufficient blood pressure control from the placebo and low-dose groups than from the groups that received therapeutic doses of the active drug. Therefore, as a check on the primary analysis, a last-observation-carried-forward (LOCF) analysis was performed post hoc. This analysis was based on the last available trough blood pressure measurement after randomization. Because only a small fraction of patients did not have final visit (week 8 or week 6) data available, the LOCF result was expected to differ only slightly from the planned analysis.
The T:P ratio for SeDBP, adjusted for placebo effects, was calculated for each active-dose group according to the formula: T:Pϭ[(adjusted mean change in trough SeDBP for the active group)Ϫ(adjusted mean change in trough SeDBP for the placebo group)]Ϭ[(adjusted mean change in peak SeDBP for the active group)Ϫ(adjusted mean change in peak SeDBP for the placebo group)].
Only SeDBP measurements from subjects who satisfied the eligibility criteria for efficacy and compliance were used for the T:P analysis. In addition, for analysis of the T:P ratio, subjects had to have valid SeDBP measurements at baseline (ie, during the singleblind, placebo lead-in therapy) and valid peak and trough SeDBP assessments at the time analyzed (6, 8, or 12 weeks, depending on the protocol). It should be noted that the trough assessment assumes that each patient took his or her assigned dose on the day prior to the measurement; ie, patients were not observed to have ingested that dose. The proportion of responders (SeDBP Ͻ90 mm Hg or a reduction from baseline of Ն10 mm Hg) was tabulated for each dose as well as for the placebo group.
Results
Allocation of Patients to Study Groups
A total of 2955 patients were randomized into the irbesartan (nϭ2197) or placebo (nϭ758) arms of the eight studies. Only 2% of irbesartan-treated patients versus 5% of placebotreated patients were withdrawn from the study owing to a lack of efficacy; 3% of irbesartan-treated and 4% of placebotreated patients were discontinued because of an adverse event. A total of 2631 patients (1954 irbesartan and 677 placebo) had both baseline and end-point assessments and were therefore included in the primary analysis. The numbers of patients in the irbesartan dose groups were as follows: 1 mg, 68; 5 mg, 74; 10 mg, 72; 25 mg, 70; 37.5 mg, 40; 50 mg, 77; 75 mg, 277; 100 mg, 188; 150 mg, 486; 200 mg, 75; 300 mg, 350; 600 mg, 92; and 900 mg, 85. Of the 2197 patients randomized into the irbesartan arms, 2079 had at least one postrandomization value for trough seated blood pressure and were therefore included in the LOCF analysis.
Patient Demographics
Demographic characteristics and baseline blood pressures were similar across the integrated irbesartan dose groups and the placebo group. Subjects were generally in their early to middle fifties (mean age, 54 years), 82% were white, and 63% were male. The baseline mean seated blood pressure for all randomized patients was 151/101 mm Hg. In addition, because of the generally uniform inclusion and exclusion criteria across individual studies, these characteristics were similar between dose groups within and between each study (data not shown).
Reduction in Blood Pressure at Trough
In each individual study, the reduction from baseline in office trough SeDBP with irbesartan doses of Ն75 mg once daily was statistically significantly greater than with placebo (each PϽ0.01). Trough SeSBP results were similar. Trough blood pressure reductions for a given dose were generally consistent across trials.
The results from the E max model for trough blood pressure are shown in Figure 1 and Table 2 . The predicted E max values were 7.1 mm Hg for trough SeDBP and 12.6 mm Hg for trough SeSBP (reduction over placebo). From this integrated model, it can be inferred that an irbesartan dose of 150 mg once daily should produce a trough SeDBP reduction of Ϸ5 mm Hg over placebo and a trough SeSBP reduction of Ϸ8 mm Hg over placebo. An irbesartan dose of 300 mg once daily should produce corresponding placebo-subtracted reductions of Ϸ6 and Ϸ10 mm Hg, respectively. Only modest additional benefit would be expected with irbesartan doses beyond 300 to 600 mg. 
Reductions in Blood Pressure at Peak
The results from the E max model for peak blood pressure reductions are shown in Figure 2 and Table 2 . The predicted E max values are 9.2 mm Hg for peak SeDBP and 12.9 mm Hg for peak SeSBP (reduction over placebo). An irbesartan dose of 150 mg once daily should produce peak seated blood pressure reductions of Ϸ10/7 mm Hg over placebo. An irbesartan dose of 300 mg once daily should produce corresponding reductions of Ϸ11/8 mm Hg. As with trough blood pressure, only modest additional benefit would be expected with irbesartan doses beyond 300 to 600 mg. Table 3 shows that the T:P ratio for SeDBP is generally Ͼ60% with once-daily doses of 150 mg and above. When measured by ambulatory blood pressure monitoring, the placebo-adjusted T:P ratio with irbesartan 150 mg once daily was 74% for DBP and 66% for SBP. 9 These results from the primary analysis were confirmed by the LOCF analysis (see "Methods" and "Allocation of Patients to Study Groups" sections for further details). With the Hill coefficient set at 1, E max was calculated as 7.34 mm Hg, and D 50 , 66.4 mg for trough SeDBP. For trough SeSBP, the corresponding values were 12.5 mm Hg and 76.7 mg, respectively. The more general model also produced results similar to the original analyses. Figure 3 shows the dose-response relationship for the percentage of patients achieving a favorable therapeutic response (trough SeDBP Ͻ90 mm Hg or a reduction from baseline of Ն10 mm Hg). Fifty-six percent of patients are predicted to respond favorably to irbesartan 150 mg once daily; the percentage of patients responding plateaus at doses Ͼ300 mg. The D 50 for therapeutic response is Ϸ75 mg daily.
Therapeutic Response
Heart Rate Effects
In each individual study, there were no clinically or statistically significant changes in heart rate with any irbesartan dose or with placebo at either peak or trough (data not shown).
Discussion
Data from 2955 patients with mild to moderate hypertension who were enrolled in eight multicenter, randomized, doubleblind, placebo-controlled studies were pooled to analyze the integrated efficacy of irbesartan across the dose range of 1 mg to 900 mg. Testing over this 900-fold range of doses was possible because of the excellent safety profile of irbesartan, including a lack of dose-limiting side effects, even at the highest doses tested. 13 Irbesartan showed a clear dose-response relationship for both a reduction in blood pressure and the percentage of patients who achieved a therapeutic response. The no-effect irbesartan dose appears to be Ͻ10 mg daily, and the maximal-effect dose appears to be Ϸ300 mg daily. Consistent and clinically significant reductions in trough SeDBP (ie, a Ͼ4 mm Hg reduction versus placebo) and suitable T:P ratios were achieved with once-daily irbesartan doses of Ն150 mgr. Reductions in DBP of this magnitude are associated with reduced risk of stroke, coronary heart disease, and death. 15 The antihypertensive dose-response relationship demonstrated in this integrated analysis is supported by pharmacodynamic data, which show that irbesartan also has a dose-related effect on the renin-angiotensin system in humans. Single doses of irbesartan produced dose-related increases in plasma Ang II and plasma renin activity as well as a dose-related blunting of the pressor effect of exogenous Ang II. 3, 5, 16 The dose-related efficacy of irbesartan has clinical implications. In one of the included studies, the effects of titration were assessed by an elective titration design in which patients were titrated or not according to blood pressure response after week 6.
7 Once-daily treatment with irbesartan 75 mg titrated as needed to 150 mg and 150 mg titrated as needed to 300 mg significantly reduced SeDBP and SeSBP at week 12 (PϽ0.01 for each treatment group versus placebo). There were further decreases from week 6 to week 12 in both groups, and a greater effect was observed with 150 mg titrated to 300 mg than with 75 mg titrated to 150 mg. Both irbesartan regimens had a tolerability profile similar to that of placebo. This study demonstrated that initiation of irbesartan at 150 mg once daily and titrating to 300 mg once daily, if necessary, represents an efficient regimen for managing patients with mild to moderate hypertension. Thus, the E max prediction of enhanced effect with titration has been confirmed for irbesartan.
Full 24-hour blood pressure control was demonstrated by SeDBP T:P ratios of 60% to 70% with irbesartan doses of Ն150 mg in individual studies. The appropriateness of once-daily dosing was confirmed by 24-hour ambulatory blood pressure data obtained in one of the included studies, which showed that irbesartan doses of 150 mg once daily or in a divided dose (75 mg twice daily) produced equivalent reductions in diastolic and SBP over the full 24-hour dosing interval. 9 In conclusion, once-daily irbesartan demonstrates a predictable dose-related antihypertensive effect over the therapeutic dose range, with once-daily doses of Ն150 mg providing clinically significant blood pressure lowering. *T:P ratios were determined in six of the eight studies. †Adjusted mean difference from placebo (ie, placebo subtracted). ‡Peak represents the maximum mean hourly value for blood pressure reduction in each treatment group.
